If small quantities of clear, hypercholesterolemic rabbit serum or of clear human serum, carrying their lipids as soluble lipoproteins, are injected aseptically into the rabbit's cornea, stainable lipid is retained in the corneal stroma, and the fluid portion of the injected serum is absorbed.' The cornea, rendered opaque by the injection, again becomes translucent within a few hours. If the eyes are followed over a course of days, a disc-like opacity develops, corresponding exactly to the serum-injected zone. Microscopic examination reveals that a lipophagocytic, fibrocytic reaction of the corneal stroma is taking place. Control corneas injected with equal amounts of physiological saline solution, or with serum from rabbits on a low fat diet, do not show comparable lipid retention or a granulomatous stromal reaction.
If small quantities of clear, hypercholesterolemic rabbit serum or of clear human serum, carrying their lipids as soluble lipoproteins, are injected aseptically into the rabbit's cornea, stainable lipid is retained in the corneal stroma, and the fluid portion of the injected serum is absorbed.' The cornea, rendered opaque by the injection, again becomes translucent within a few hours. If the eyes are followed over a course of days, a disc-like opacity develops, corresponding exactly to the serum-injected zone. Microscopic examination reveals that a lipophagocytic, fibrocytic reaction of the corneal stroma is taking place. Control corneas injected with equal amounts of physiological saline solution, or with serum from rabbits on a low fat diet, do not show comparable lipid retention or a granulomatous stromal reaction.
The present experiments were designed to determine as nearly as possible what degree of hyperlipemia in the injected serum is associated with a minimal lipophagic and fibrotic tissue response in the corneal stroma. The plan of the experiment was to inject a series of rabbit corneas with animal or human sera of varying lipid content, and subsequently to compare histologically the corneal tissue responses. Lipids in the injected sera were in the form of soluble lipoproteins. In all instances chylomicrons were excluded, but in some lactescent sera very low-density lipoproteins were present.
MATERIALS AND METHODS
New Zealand white (albino) rabbits of either sex, weighing [3] [4] kg., were anesthetized with intravenous Nembutal® for the corneal injections. Injection was made tangentially into the central area of the cornea through a sterile 30 gauge hypodermic needle fitted to a 2 ml. or a tuberculin syringe. The amount of serum or other material injected was in each instance 0.1 ml. Before and following injection the eyes were gently irrigated with one per cent boric acid solution. Infection occurred only rarely.
Animals were maintained in individual cages in clean laboratory conditions and were fed a standard rabbit chow (Purina Mills, Inc., fat content 2.0%), and were given drinking water ad libitum. For histological studies animals were sacrificed by Nembutal® anesthesia. Their corneas were removed and were thoroughly fixed in ten per cent neutral formalin. Frozen and paraffin sections were cut on adjacent blocks, and were stained by Sudan IV or by routine hematoxylin-eosin or Masson trichrome techniques.
Hypercholesterolemia and lipemia were produced in serum-donor rabbits by egg-yolk feeding. Rabbit serum and a few samples of rabbit plasma were prepared for injection from freshly drawn blood. Human serum was drawn before breakfast from individuals in good general health. A few injections of postprandial sera or of sera from diabetic individuals were also made (see Table 2 ).
Serum and plasma lipid determinations were carried out by methods in regular use in this laboratory. These include: for cholesterol and cholesterol esters-a modified Schoenheimer-Sperry method;' for lipid phosphorus-a modified Youngburg procedure;' for fatty acids-a modified Stoddard and Drury technique. 4 Chylomicrons, characterized as lipid-containing particles in postprandial serum visible microscopically (16 mm. objective-lOx ocular, reduced transmitted light), and cleared by incubation in an active heparinized plasma system, were removed by short runs in a Spinco Model L centrifuge, usually 9,500-15,000 r.p.m. for 10-30 minutes, depending upon the degree of chylomicronemia. Residual opalescence of sera was checked for chylomicrons microscopically and by incubation with suitable controls in an active heparinized plasma system.
RESULTS

CORNEAS INJECTED WITH NORMAL RABBIT SERUM
Twenty-four corneas of 12 rabbits were injected with 0.1 ml. of clear serum from rabbits maintained on a low-fat laboratory ration. Four different sera were used, the total cholesterol values varying from 45.8 mg/ 100 ml. to 68.0 mg/100 ml.; the free cholesterol from 18.3 to 26.3 mg/100 ml.; the fatty acids from 6.6 to 13.3 mEq./l; and the lipid phosphorus from 1.0 to 6.2 mg/100 ml. The animals were sacrificed at times varying from 11 to 23 days after the injection, and the corneas were examined histologically. In this group no cornea developed detectable opacities grossly except for the scar of the needle tract. Most commonly on histological examination, a faint, diffuse sudanophilia was present in the zone of injection. In five corneas no evidence of lipid deposit could be found. In the corneas exhibiting a faint sudanophilia in the fat stains, permanent sections revealed no fibrosis or lipophagocytosis other than that in the traumatized needle-tract areas. In these regions, scar and an occasional lipid-containing cell were present.
CORNEAS INJECTED WITH SERUM OR PLASMA FROM EGG-YOLK FED RABBITS
In this experiment there were 65 corneas from 34 animals. Representative data and findings are presented in Table 1 . Sixteen different sera or plasmas were used for the injections. The lipid values of the sera and plasma formed a series with ranges as follows: total cholesterol 68.0 mg/ 100 ml. to 615.0 mg/10 ml.; free cholesterol 16.0 mg/100 ml. to 189.2 mg/100 ml.; total fatty acids 7.0 mEq./l. to 33.3 mEq./l.; and lipid phosphorus 3.5 mg/100 ml. to 16.5 mg/100 ml. From Table 1 it is evident that as the total serum or plasma cholesterol increased the other lipid components also increased, although the total fatty acids tended to vary in this respect more than the free cholesterol or the lipid phosphorus. The corneas in this series were examined histologically from 15 minutes after injection to 50 days, but the majority were sectioned after 11 to 23 days.
Gross and histological examination of the corneas injected with serum or plasma from egg-yolk fed rabbits revealed lesions of increasing severity and complexity as the lipid values of the injected material increased. Ten corneas in five animals receiving 0.1 ml. of clear rabbit serum, with total cholesterols below 93.0 mg/100 ml., revealed no gross opacities throughout their course, and microscopically were the seat only of a faint, diffuse sudanophilia without evidence of proliferative or lipophagic tissue response. The histological changes could not be distinguished from those corneas in the previous control series injected with serum or plasma from normal rabbits on a low-fat diet.
Beginning with rabbit #515, ( Table 1 ) the usual sudanophilia of the corneal stromas was more distinct, and a minimal fibrotic and lipophagic tissue response was noted at the margins of the injected zone, where concentration of sudanophilic staining commonly occurred. This rabbit's cornea received 0.1 ml. of serum from an egg-fed rabbit, with a serum cholesterol of 93.0 mg/100 ml. Above this level of cholesterol in the injected sera, i.e., beginning with corneas of rabbit #385x, which were injected with serum containing 120.3 mg/100 ml. total cholesterol, lesions in a large number of corneas became very much more evident both grossly and histologically. Almost without exception, opaque, gray, corneal discs of varying intensity could be seen grossly. Increasingly heavy sudanophilia of the injected zones was observed in the fat stains with corresponding increase in the intensity of fibrosis and lipophagocytosis in the permanent preparations. With the cholesterol content of the injected sera in the usual range for normal humans, 200-300 mg/100 ml., the corneal reactions were uniformly fully developed. Fibrosis, diffuse and phagocvtosed lipid, increase 2n a in mononuclear phagocytes without polymorphonuclear cells were outstanding features (Figs. 1 and 2 ). With sera of higher cholesterol and lipid content the lesions were even more florid. From Table 1 it will be noted that certain of the sera were centrifuged at moderate speeds for short periods. This served to remove chylomicrons (checked in each case microscopically), but not low-density or other lipoproteins. The presence or absence of intracorneal lesions was not correlated with the turbidity of the centrifuged serum, but in the intermediate lipid range, the intensity of the lesions was so correlated. In this connection it should be recalled that rabbit sera with high lipid content are often lactescent, due, as Gofman' has shown, to increase in low-density lipoproteins, rather than to chylomicrons. Corneas examined within an lhour after injection were the seat of a diffuse stromal edema with diffuse sudanophilia. The corneal lamellae were spread apart by the injected serum. It was at the edges of the injected zones that lipid-staining materials tended to accumulate most intensely, suggesting a holding back or filtering process at this point.
CORNEAS INJECTED WITH HUMAN SERUM
Forty-one corneas of 21 animals were injected with 0.1 ml. human serum. A representative sample of the data is given in Table 2 . If the serum was lactescent, chylomicrons were removed by centrifugation. Occasionally opalescence due to low-density lipoproteins remained after centrifugation, and a few observations were made on concentrated, opalescent supernatants, (rabbit #164, Table 2 ). Also a few observations were made on serum from diabetic patients*, (rabbits #361-h, 359-f, and 358-e Table 2 ), and on serum from a normal person after a high-fat meal (rabbits #154, 155, Table 2 ). The lipid values of the human sera injected ranged as follows: total cholesterol 183.0 mg/100 ml., to 290.0 mg/100 ml.; free cholesterol 58.8 mg/100 ml. to 93.4 mg/100 ml.; total fatty acids 13.5 to 53.3 mEq./l.; and lipid phosphorus 5.2 to 13.9 mg/100 ml. Observation times from the beginning of the experiment ranged from 11 to 22 days, except for the corneas of one rabbit, #294, which died ten minutes after the injection.
In the two corneas of rabbit #294, dying ten minutes after injection, there was diffuse edema and sudanophilia, with concentration of the lipoid staining material at the margins of the injected discs. All the other corneas in this series developed fibrotic, lipophagocytic lesions. These could not be distinguished morphologically from those of the rabbits of the preceding * These sera were obtained through the courtesy of Dr. William Van Eck. group, (Table 1) , whose corneas were injected with rabbit serum of comparable lipid content. Individual variations in corneas from the same animal, or among corneas of different animals injected with the same material were large. However, the impression was gained that the lesions increased in severity as the values for total cholesterol and for the other serum lipids increased. Corneas of rabbits #154 and 155 injected with hyperlipemic but chylomicron-free, postprandial serum were of interest. The lipophagocytic and fibrotic corneal lesions of these animals were quantitatively more intense than were those of other rabbits receiving clear serum of equal cholesterol and lower fatty acid content. It is believed that the opalescence of the serum in question (#154 and 155) was due to the presence of low-density lipoproteins, since it was not cleared when incubated in an active heparinized plasma system. Serum of the same type was injected into the corneas of rabbit #164. (Table 1) , 18 days after injection of 0.1 ml. of clear, hypercholesterolemic rabbit serum. Sudan IV, without counterstain, x 300. mononuclear phagocytes which ingest the retained lipid substances. The continuation of this process leads to a fibrous, foam-cell plaque in the rabbit's cornea which is morphologically similar to certain stages of the atherosclerotic process in man and which duplicates the fatty, fibrous plaques that invest the corneas of rabbits fed egg-yolk over a period of a year or more. ' In the control series of corneas, sera of low-lipid content from normal rabbits on low-fat diets were injected into the corneas of other rabbits or autologously into the corneas of the donor rabbits themselves. While there was lipid retention as evidenced by mild, diffuse sudanophilia in many of the corneas, no tissue reactions were elicited within the observation period. These results indicate that the components of normal rabbit serum, lipid or otherwise, do not evoke tissue responses in the rabbit cornea.
In the next series of experiments in which hypercholesterolemic, hyperlipemic rabbit serum was injected into corneas in the same amounts, a definite, uniformly repeated tissue reaction was elicited. These sera contained increasing amounts of soluble lipoproteins, chylomicrons being absent or removed by centrifugation. As the individual serum lipid values rose, the retention of sudanophilic materials in the cornea increased, and the fibrotic, foam-cellular responses became intensified. In the series examined no fibrotic and lipophagocytic reactions were observed in association with a cholesterol content of the injected serum lower than 93.0 mg/100 ml.
With higher cholesterol values of the injected serum, i.e., from approximately 120 mg/100 ml. upwards, such responses occurred regularly and were progressively intensified. The data do not permit the conclusion that these results were due to cholesterol alone, as in many instances values for fatty acids and for lipid phosphorus rose as well, although there was often variation in cholesterol-fatty acid and in cholesterol-lipid phosphorus ratios. It can be concluded, however, that the presence of the serum lipids, in the form of lipoproteins and taken together did lead to the tissue responses observed. Only very small quantities of lipid are apparently necessary to elicit the observed response. For example, the 0.1 ml. serum injected into the corneas of rabbit #385x (Table 1) , which resulted in a definite lipophagocytic reaction, contained 0.12 mg. cholesterol (0.042 mg. free cholesterol), 0.0013 mEq. fatty acid, and 0.0045 mg. lipid phosphorus. Although 0.1 ml. of serum containing this amount of lipid was injected into the cornea, and the lipid was originally distributed in this volume, the fluid as indicated before was quickly absorbed, leaving the lipid in the nonedematous cornea, apparently concentrated on the surfaces of the corneal stromal cells and lamellae. Thus, although initial amounts of lipid injected may be related to subsequent tissue responses and may seem low, threshold amounts of lipid or lipoprotein effective in eliciting cellular responses in the tissue environment may actually be high due to concentration at cell or other structual interfaces. Furthermore, the tissue responses described in the previous experiments represent reactions to a single episode of serum infiltration, lipid deposition, and concentration. In the genesis of the atherosclerotic lesion in man, the artery wall may be subject to repeated similar episodes at the same site, resulting in a lipid deposition far out of proportion to the lipid content of the infiltrating plasma or serum. The fact remains from the present observations that only very small quantities of lipid in serum are necessary to initiate reactions of an atherosclerotic type in specialized connective tissues. This may occur as the result of a single infiltrative episode. To prevent the possibly parallel process of atherogenesis in man, it may be necessary to find means of keeping the serum lipids below these threshold levels.
In the third series of corneas reported, those injected with human serum, the fibrocytic, lipophagic response was uniformly positive, It cannot be ruled out directly that this reaction was not a response to injected foreign protein. However, the morphological sequences differed in no way from those in corneas in rabbits injected with homologous or autologous hyperlipemic rabbit serum. It has also been observed that dog serum of low-lipid content does not elicit a tissue response on initial injection in comparable amounts into the rabbit's cornea. 8 Finally, all of the human sera utilized had lipid contents well above the threshold range for the initiation of the characteristic response, as judged from the results with hyperlipemic rabbit serum.
It is possible that on-going experiments with the living corneal systemll as a model may allow separation of the effects of the major lipid constituents of blood in relation to tissue responses of pertinent, specialized connective tissues.
SUMMARY
The reaction of the living rabbit cornea to the injection of sera of varying lipid content has been used as a model system for the investigation of certain problems related to the genesis of atherosclerosis. Rabbit corneas were injected with small quantities of low-lipid, or of hyperlipemic, chylomicron-free rabbit serum or plasma, or with human sera. Histological examination of the corneas at intervals thereafter revealed that as the lipid content of the injected material increased, more stainable lipid was 222 Volume 37, December, 1964 retained in the cornea. Injection of rabbit sera with cholesterol levels of approximately 120 mg/100 ml., or more, resulted uniformly in the formation within weeks of fibrotic, lipophagocytic corneal plaques that reproduce certain of the morphologic features of atherosclerosis in man. It is pointed out, however, that since other blood lipids in many instances increased as well, cholesterol cannot be designated as the single causative agent. The lipid in the injected sera was in the form of soluble lipoproteins. All human sera injected resulted in similar corneal responses in rabbits. The small amount of serum lipid required to elicit a fibrotic and lipophagocytic reaction in specialized connective tissue is emphasized. There is a brief discussion of the observed phenomena in relation to problems of the pathogenesis of atherosclerosis.
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